The photocatalytic removal of arsenite [As(III)] and monomethylarsonic acid [MMA(V)] was investigated in the presence of UV light (350 nm) and aqueous suspensions of ZnO synthesized by the sol-gel technique. Photocatalytic removal of these potent arsenic compounds results in the effective and rapid mineralization to less toxic inorganic arsenate [As(V)]. The effect of ZnO loading and solution pH on the treatment efficiency of the UV/ZnO photocatalytic process was evaluated. The optimal conditions for the removal of 5 mg L −1 [As(III)] and [MMA(V)] aqueous solutions were observed at catalyst loadings of 0.25 and 0.50 g L −1 with solution pH values of 7 and 8, respectively. Under these conditions, the activity of photocatalyst sol-gel ZnO was compared with TiO 2 Degussa P25 and commercial ZnO catalyst. The results demonstrate that the high adsorption capacity of ZnO synthesized by sol-gel gives enhanced removal of arsenic species from water samples, indicating that this catalyst is a promising material for treatment of arsenic contaminated groundwater. † This paper is published as part of the themed issue of contributions from the 7th European Meeting on Solar Chemistry and Photocatalysis: Environmental Applications held in Porto, Portugal, June 2012.
Introduction
Arsenic is a carcinogenic and highly toxic element for humans. Chronic arsenic exposure via drinking water has been reported in several countries around the world. 1 Both inorganic and organic forms of arsenic have been found in natural waters. 2 Arsenic exists mainly as [As(III)] and [As(V)] oxyanions, arsenite (H 3 AsO 3 ) and arsenate (H 3 AsO 4 ) in the aquatic environment. Under groundwater conditions, [As(III)] is the predominant form of arsenic, which is much more toxic and mobile than [As(V)]. Although the inorganic species are predominant in natural waters, organoarsenic compounds, such as monomethylarsonic acid [MMA(V)] and dimethylarsinic acid [DMA(V)], are problematic pollutants in groundwater at sites with a history of pesticide manufacturing and improper disposal.
A relatively high concentration of arsenic in the aquatic system has many implications for the health of humans, animals and plants. The World Health Organization (WHO) has established a guideline of 0.01 mg L −1 as the maximum allowable level of arsenic in drinking water. 3 A simple, low-cost and effective technology for arsenic removal is thus highly desirable to ensure safe drinking water to the people in contaminated areas.
Commonly used removal technologies include coagulation and precipitation employing iron and aluminum salts, adsorption onto activated alumina and activated carbon, ion exchange and reverse osmosis. 1, 4 These techniques have however been found to be more efficient for [As(V)] as a result of the stronger adsorption affinity of negatively charged [As(V)] oxyanions to solid surfaces compared to the neutral [As(III)] molecule. 1 Current treatments require oxidation of [As(III)] to [As(V)] prior to adsorption of the arsenic species to achieve efficient total arsenic removal. TiO 2 photocatalytic oxidation has been used for the efficient oxidation of [As(III)]/organic arsenic species to [As(V)] [5] [6] [7] [8] [9] [10] [11] [12] followed by adsorption of [As(V)] by TiO 9, 10 The photocatalytic removal of [MMA(V)] and [DMA(V)] using Degussa P25 and nanocrystalline TiO 2 has also been investigated. 11, 12 In this context, TiO 2 materials have been recognized as an excellent material for photocatalysis due to their photoactivity, modest cost, nontoxic nature, and large band gap. 13 Although TiO 2 is generally considered as the most important photocatalyst, ZnO is also an attractive alternative to TiO 2 due to the similar band gap energy (3.2 eV) and its lower cost for largescale water treatment. 14 Moreover, larger quantum efficiency and higher photocatalytic activity have been reported for ZnO compared to TiO 2 for the photocatalytic destruction of specific pollutants. [15] [16] [17] [18] However enhancing the photocatalytic activity of ZnO for water treatment is desirable to obtain better removal efficiency. Different synthesis techniques have been adopted to prepare catalysts with suitable characteristics that can reduce the recombination rate of photogenerated electrons and holes. 19 The sol-gel method allows flexibility in parameter control with its relatively slow reaction process. This technique allows tailoring the photocatalysts to obtain desired structural characteristics such as compositional homogeneity, grain size, particle morphology and porosity. 20 The primary aim of this work was to accomplish the photocatalytic removal of [As(III)] and [MMA(V)] from aqueous solution using ZnO synthesized by sol-gel as the catalyst under UV radiation at different solution pH and catalyst loading. The activity of sol-gel ZnO on the removal efficiency of arsenic species was compared with TiO 2 Degussa P25 and commercial ZnO. To the best of our knowledge, the removal of [As(III)] and [MMA(V)] from aqueous solution by the UV/ZnO system has not been previously reported.
Experimental details 2.1 Materials
Sodium arsenate (Na 2 HAsO 4 ·7H 2 O, [As(V)]) and sodium arsenite (NaAsO 2 , [As(III)]) were purchased from Sigma-Aldrich. Monosodium methanearsonate (CH 3 AsO 3 Na 2 ·6H 2 O, [MMA(V)]) was purchased from Chem Service Inc. (West Chester, PA, USA). Stock solutions of different arsenic species (100 mg L −1 )were prepared in volumetric glassware. The required working standards were prepared daily from the stock solutions. All other reagents were reagent grade and used as received. HCl was trace metal grade from Fisher. All solutions were prepared with ultra-pure water (18 MΩ cm −1 ) from a Millipore Milli-Q system. Titanium dioxide was P25 (80% anatase and 20% rutile, Degussa, Germany) and commercial ZnO (minimum purity 99%) was purchased from Acros Organics.
Synthesis of ZnO
It was prepared by the sol-gel technique using zinc acetate, Zn-(CH 3 COO) 2 ·2H 2 O, as a precursor according to a procedure reported in previous work. 21 Briefly, 13.5 g of zinc acetate was dissolved in 216 mL of water. An aqueous solution (50% v/v) of NH 4 OH was added under continuous stirring to reach a pH of 9.0. The reaction mixture was kept at room temperature until gel was formed. Once the colloidal ZnO was observed, it was aged for 24 h and filtered; then the material was washed with 0.1 M NH 4 NO 3 and dried by heating the sample slowly to 90 °C until the solvent was completely evaporated. The dried powder (fresh sample) was annealed at 350 °C for 5 h in air. BET surface areas were calculated from N 2 adsorption-desorption isotherms obtained in an Autosorb-1 instrument (Quantachrome Co., Boynton Beach, FL, USA). The band gap energy (E g ) values of the studied catalysts were calculated from the UV-Vis diffuse reflectance spectra using a Thermo Scientific Evolution 300 UV-Vis spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA) equipped with an integrating sphere TFS-Praying Mantis. The powder X-ray diffraction patterns of the ZnO catalysts (commercial and prepared by the sol-gel method) were observed in accordance with the zincite phase of ZnO (International Center for Diffraction Data, JCPDS). 22 
Adsorption experiments
FTIR spectra of sol-gel ZnO and arsenic species adsorbed on the catalyst samples were obtained in transmission mode using a Perkin Elmer model Paragon 1000 PC Spectrometer. The spectra were all recorded in the form of KBr pellets.
Photocatalytic experiments
The catalyst was added to a Pyrex cylindrical reaction vessel (12 × 1 in, 160 mL capacity) containing an aqueous solution of 5mgL −1 [As(III)] or [MMA(V)]. The pH of the solution was adjusted to the desired values (5 to 9) using diluted solutions of HNO 3 (0.1 M) and NaOH (0.1 M). Under stirring, the mixture was kept in the dark for 60 min to ensure equilibrium adsorption prior to illumination. Thereafter, the photocatalytic reaction was carried out in a Rayonet Model RPR-100 reactor equipped with 16 phosphor-coated lowpressure mercury lamps that had a spectral energy distribution with a maximum intensity at λ = 350 nm, and yielding an incident light intensity of 5.2 ± 0.1 × 10 6 photon s −1 cm −3 . The temperature was kept close to room temperature by a cooling fan and the reaction rate was followed by taking aliquots at desired time intervals. The catalyst was separated by filtration through a 0.45 μm syringe filter and subsequently analyzed to determine the individual arsenic species concentrations present in the solution. Arsenic speciation analysis was performed within 6 h of sampling, using a PS Analytical Millenium Excalibur Atomic Fluorescence System (AFS, PSA 10.055) coupled to a high-performance liquid chromatography (HPLC) instrument. An anion exchange column, PRP X-100 (250 mm × 4.6 mm × 10 μm), was used for the separation of arsenic species. The mobile phase was a 15 mM monosodium phosphate solution (pH 5.7). The flow rate was 1.0 mL min −1 , and the injection volume of the sample was 100 μL. The separated As species were subjected to hydride generation with HCl (12.5% v/v, 2 mL min −1 ) and NaBH 4 (1.4% w/v in 0.1 M NaOH, 2 mL min −1 ). This was followed by the introduction of Ar into a gas/liquid separation chamber to efficiently carry the gases to the atomic fluorescence spectrometer. 23 The effect of the pH of the solution (5-9) and the catalyst loading (0.25 and 0.50 g L −1 ) on the photocatalytic removal of [As(III)] and [MMA(V)] was studied. All the experiments were performed in triplicate.
Results

Effect of the pH on the adsorption of arsenic species
The solution pH can have a pronounced effect on the speciation of arsenic species and the surface charge of sol-gel ZnO, and therefore plays a key role in the ZnO adsorption and removal of arsenic species. In order to better understand the process, the adsorption of [As(III)] and [MMA(V)] was studied as a function of the solution pH (structures shown in Table 1 ).
In the initial adsorption experiment an aqueous solution of 5 mg L −1 arsenic at a ZnO loading of 0.25 g L −1 was placed in the dark to equilibrate for 60 min followed by the filtration and analysis. The results are summarized in Table 2 .
The adsorption process is favored for both species in the range of pH from 7 to 9. At pH 7 the adsorption of [As(III)] was 53 ± 4%, while the adsorption of [MMA(V)] was 33 ± 3%. The pK a values of H 3 Under the neutral or slightly basic conditions (pH between 7 and 9) of the experiments, the catalyst surface charge is mainly positive since the reported zero point charge (zpc) of ZnO is 9.0 ± 0.3. 24 While electrostatic interactions are important in the adsorption process especially for the anion [MMA(V)] species, the [As(III)] is neutral at pH ≤ zpc and thus the adsorption is related to surface complexation rather than to electrostatic interactions. 25 The surface hydroxyl groups of ZnO can act as chelating groups for [As(III)] species. 11 On the other hand, the adsorption of [MMA(V)] is mainly the result of the electrostatic attraction between the positively charged catalyst surface and the negatively charged 
FTIR study of adsorbed As species
FTIR spectra of sol-gel ZnO before and after adsorption with 5 mg L −1 arsenic species for 6 h were studied in order to determine the behavior of arsenic species on the catalyst. The solution pH was 7 for [As(III)] and [As(V)] species, and 8 [MMA(V)], respectively. The FTIR spectrum of sol-gel zinc oxide is shown in Fig. 1a . The adsorption peaks of low intensity at 720-600 cm −1 and the broad absorption band centered at 450 cm −1 had been attributed to the ZnO stretching frequency of the Zn-O bond. 30 A new band at 830 cm −1 in the FTIR spectrum of sol-gel ZnO was found after adsorption and reaction, which matched well with the stretching frequencies of the As-O band in the arsenite group (see Fig. 1d ). The spectrum of ZnO-As(III) displayed a peak that weakly adsorbed at 780 cm −1 due to the symmetry stretching vibration of As-OH. The results agree well with previous FTIR studies of As(III) adsorption on iron oxides published by Goldberg and Johnston. 31 The spectrum after sorption of [MMA(V)] (Fig. 1b) showed a broad peak at around 839 cm −1 (stretching frequency of the As-O band), and the peak at 730 cm −1 due to the symmetric stretching vibration of As-OH disappeared. This could be due to an apparent increase in molecular symmetry upon the sorption or to the peak shifting to a lower wave number. Peaks from a methyl group were not observed in the ZnO-MMA(V) spectrum. This is likely due to the weak peak signal from a single methyl group being overshadowed by the intense As-O peak. 31, 32 During the adsorption process of [MMA(V)], the As-O(H) group from [MMA(V)] may go through ligand exchange reactions with OH groups from the ZnO surface, forming inner-sphere complexes. Similar results were observed for [As(V)] (Fig.  1c ). During As(V) sorption on sol-gel ZnO, the As-O peak (945 cm −1 ) downshifts to 862 cm −1 as a result of inner-sphere complex formation at the catalyst surface. 31 Previous results indicated that arsenic species are adsorbed onto the TiO 2 surface by an inner-sphere mechanism. [27] [28] [29] From the FTIR spectrum analysis results, it was concluded that specific adsorption mechanism should occur at the aqueous solution of arsenic species and the solid sol-gel ZnO interface.
Effect of the pH on the photocatalytic removal of arsenic species
Since maximum adsorption of [As(III)] and [MMA(V)] species was achieved between pH 6 and 8, this pH range was selected for further studies. According to a previous study, the stability of ZnO can be maintained at this pH range. 24 
Effect of the ZnO loading
Experiments were conducted to assess the effect of catalyst loading on the overall [As(III)] and [MMA(V)] removal rate. The evaluated catalyst loadings were selected on the basis of preliminary experiments using a catalyst mass ranging from 0.10 to 1.00 g L −1 . The lowest amount of catalyst was found to be ineffective for arsenic species removal. On the other hand, the removal of arsenic species was completed at the highest loading level (1 g L −1 ); however, the process was controlled by the adsorption. Thus, the catalyst dosages of 0.25 and 0.50 g L −1 were studied for a 5 mg L −1 arsenic species concentration in aqueous solutions. The removal efficiencies of As(III) and [MMA(V)] are depicted in Fig. 3 . The removal of As species increased with increasing catalyst loading. The increase in the catalyst loading dose provides more active sites on the photocatalyst surface, which in turn increases the number of hydroxyl radicals. 8 On a reported study using isopropanol and acetonitrile as radical scavengers and iodine anions as hole scavengers was demonstrated that the reaction mechanism for the photocatalytic oxidation on the ZnO surface mainly proceeded by HO˙ radicals and to a lesser extent by the contribution of holes. 33 This result was in agreement with the mechanism proposed by Daneshvar et al. for the photocatalytic degradation of a reactive dye using ZnO. 16 For [As(III)], 120 min of treatment results in complete removal employing 0.25 and 0.50 g L −1 sol-gel ZnO loading. While the oxidation of [As(III)] is significantly enhanced in the presence of 0.50 g L −1 catalyst, a lower loading of sol-gel ZnO was selected for the removal of [As(III)] in order to reduce the amount of used catalyst. The photocatalytic removal of [MMA(V)] was 92% in 120 min when the loading of sol-gel ZnO was 0.50 g L −1 , illustrated in Fig. 3 . However, when the amount of catalyst was lowered to 0.25 g L −1 , the efficiency of photocatalytic oxidation of [MMA(V)] declined to 70% removal. The lower removal observed in [MMA(V)] compared with [As(III)] is a consequence of the lower adsorption capacity of the [MMA(V)] species on the soly-gel ZnO surface. The trend suggests that the optimal catalyst loading for removal of As species in a sol-gel ZnO suspension under our experimental conditions was 0.25 g L −1 for [As(III)] and 0.50 g L −1 for [MMA(V)].
Control experiments
The UV photolysis on the removal of arsenic species was evaluated for an initial concentration of arsenic species of 5 mg L −1 . The oxidation of [As(III)] and [MMA(V)] to [As(V)] occurred by UV irradiation in the absence of sol-gel ZnO, but to a much less extent with only 17-18% of [As(III)] and [MMA(V)] oxidized in 6 h. Otherwise, the adsorption capacity of [As(III)] and [MMA(V)] without irradiation under the same reaction conditions was 53 and 33%, respectively. The adsorption of arsenic species occurred within the first hour and remained almost unchanged for up to 6 h. In contrast, the photocatalytic oxidation of [As(III)] and [MMA(V)] was highly efficient in the suspensions as illustrated in Fig. 2 for optimum catalyst loading. These control experiments clearly illustrated that the removal of [As(III)] and [MMA(V)] predominantly involves ZnO surface mediated photocatalysis.
The photocatalysis of arsenic species using TiO 2 has been adequately modeled by the firstorder reaction rate expression. 7, 12, 34, 35 Then the kinetic parameters for removal of [As(III)] and [MMA(V)] can be calculated according to eqn (1): (1) where C 0 is the equilibrium concentration after adsorption; C the concentration at time t; and k the observed first-order rate constant.
The plots of ln(C 0 /C) as a function of time gave linear relationships, with regression coefficients, R 2 , >0.9725 (see Table 3 ). The rate constants k were obtained as 1.66 × 10 −2 and 3.84 × 10 −2 h −1 for [MMA(V)] and [As(III)], respectively. The results were consistent with the observation that the initial photocatalytic oxidation of [As(III)] was faster than the [MMA(V)] removal process.
Comparison of the photocatalytic activity of sol-gel ZnO, commercial ZnO and TiO 2 Degussa P25
For the evaluation of the photocatalytic activity of sol-gel ZnO on the removal of [As(III)] and [MMA(V)], Degussa P25 and commercial ZnO were used as the reference under identical experimental conditions. The photocatalytic removal of [As(III)] is shown in Fig.  4a .
The results clearly indicated that Degussa P25 was found to be the most active in the oxidation of [As(III)]. By using sol-gel ZnO, the complete removal of [As(III)] was achieved in 150 min. The order of photocatalytic activity was Degussa P25 > sol-gel ZnO > commercial ZnO. While these results clearly demonstrated that [As(III)] was readily removed by these catalysts, it was important to identify the reaction by-products of the treated solutions. The results are shown in Fig. 4b . During the oxidation of [As(III)], [As(V)] species was formed in the solution. This behavior was in agreement with previous reports on a TiO 2 surface where the photocatalytic oxidation of [As(III)] was extremely fast, involving oxidation of the arsenic atom to the pentavalent oxidation state. 10, [36] [37] [38] [39] [40] By using TiO 2 , the As(V) concentration that was formed as a by-product increased up to 4.9 mg As L −1 in the first 2 h and remained constant thereafter. The observed difference between TiO 2 and sol-gel ZnO semiconductors was due to the excellent adsorption capability of sol-gel ZnO semiconductor shown for [As(V)], thus the [As(V)] concentration in the treated solution was largely decreased in spite of the continuous generation of [As(V)] by the oxidation of [As(III)]. Overall, the results demonstrated complete removal of [As(V)] even below the WHO drinking water limit of 10 μg L −1 using the sol-gel ZnO catalyst.
Similar behavior was observed during the removal of [MMA(V)] (see Fig. 5a ).
The results clearly demonstrated that photocatalytic oxidation of [MMA(V)] was faster in TiO 2 than in sol-gel ZnO. By using commercial ZnO, the removal efficiency of [MMA(V)] was approximately 55% after 300 min. Although TiO 2 exhibited better photocatalytic performance on the removal of [MMA(V)] than sol-gel ZnO, the [As(V)] generated during the photocatalytic removal process remained in solution since it was not adsorbed on the TiO 2 surface (Fig. 5b) . By using commercial ZnO, 0.7 mg L −1 [As(V)] remained in solution, conversely, complete adsorption of [As(V)] on the catalyst surface was observed with solgel ZnO.
The BET surface area and band gap energy (E g ) of the studied catalyst are shown in Table 4 . With respect to Degussa P25, the ZnO catalysts showed lower BET surface area values. As can be observed in Fig. 4 and 5 , the sol-gel ZnO showed better performance than commercial ZnO and TiO 2 on the removal of these two arsenic species. This fact can be a consequence of the structural defects formed on the semiconductor during the sol-gel preparation method, which in turn produced a shift on the E g values. As can be seen in Table  4 , the E g value of sol-gel ZnO slightly decreased compared to the band gap value of commercial ZnO due to the elimination of the OH groups that are bound to the synthesized material. The sol-gel method using inorganic salts as precursors causes formation of M-OH 2 bonds which produces through the condensation several types of bridges and an infinite network. 20, 21 Additionally, the hydroxyl groups that are lost during the thermal treatment cause a certain degree of defects and yield oxygen vacancies that act as active sites improving the catalytic activity of sol-gel ZnO with respect to TiO 2 Degussa P25. 21 According to Zheng et al., 41 defects in an oxide semiconductor have an important role in photocatalysis since the oxygen defects could benefit the efficient separation of electronhole pairs in the photocatalytic process.
Thus, the high adsorption capacity observed in the ZnO synthesized by the sol-gel method provided the advantage that this material could be used as a combined catalyst and adsorbent to remove toxic arsenic species from groundwater samples.
Conclusions
The heterogeneous photocatalysis using ZnO prepared by sol-gel is effective for the oxidation of inorganic and organic arsenic species leading to the complete removal of [As(III)] and [MMA(V)] from aqueous solutions under UV irradiation. The [As(V)] generated as a by-product during the removal of these arsenic species was completely and strongly adsorbed onto the ZnO surface under a variety of conditions. This material has promising potential to consistently produce arsenic free water (<10 μg L −1 ) from highly arsenic contaminated water. The photocatalytic method using ZnO prepared by the sol-gel technique may be applied as a relatively inexpensive method to treat arsenic contaminated groundwater of emerging regions of the world. 
